Two-body charmless nonleptonic decays of the B s meson are studied within the framework of generalized factorization in which factorization is applied to the tree level matrix elements while the effective Wilson coefficients are µ and renormalization scheme independent, and nonfactorizable effects are parametrized in terms of N eff c (LL) and N eff c (LR), the effective numbers of colors arising from (V − A)(V − A) and (V − A)(V + A) four-quark operators, respectively. Branching ratios of B s → P P, P V, V V decays (P : pseudoscalar meson, V : vector meson) are calculated as a function of N eff c (LR) with two different considerations for N eff c (LL): (a) N eff c (LL) being fixed at the value of 2, and (b) N eff c (LL) = N eff c (LR). Tree and penguin transitions are classified into six different classes. We find that (i) the electroweak penguin contributions account for about 85% (for N eff c (LL) = 2) of the decay rates of B s → ηπ, η ′ π, ηρ, η ′ ρ, φπ, φρ, which receive contributions only from tree and electroweak penguin diagrams; a measurement of them will provide a clean determination of the electroweak penguin coefficient a 9 , (ii) electroweak penguin corrections to B s → ωη ( ′ ) , φη, ωφ, K ( * ) φ, φφ are in general as significant as QCD penguin effects and even play a dominant role; their decay rates depend strongly on N eff c (LR), (iii) the branching ratio of B s → ηη ′ , the analogue of B d → η ′ K, is of order 2 × 10 −5 , which is only slightly larger than that of η ′ η ′ , K * + ρ − , K + K − , K 0 K 0 decay modes, (iv) the contribution from the η ′ charm content is important for B s → η ′ η ′ , but less significant for B s → ηη ′ , and (v) the decay rates for the final states
I. INTRODUCTION
Recently there has been a remarkable progress in the study of exclusive charmless B decays, both experimentally and theoretically. On the experimental side, CLEO has discovered many new two-body decay modes [1] :
and a possible evidence for B → φK * . Moreover, CLEO has improved upper limits for many other channels. Therefore, it is a field whose time has finally arrived. On the theoretical aspect, many important issues have been studied in past years, such as the effective Wilson coefficients that are renormalization scale and scheme independent, nonfactorizable effects in hadronic matrix elements, the QCD anomaly effect in the matrix element of pseudoscalar densities, running light quark masses at the scale m b , and the q 2 dependence of form factors. In the present paper, we plan to extend previous studies of charmless hadronic decays of B − , B d mesons to the B s mesons. In principle, the physics for the B s two-body hadronic decays is very similar to that for the B d meson except that the spectator d quark is replaced by the s quark. Experimentally, it is known that B ± → η ′ K ± and B d → η ′ K have abnormally large branching ratios, several times larger than previous predictions. It would be very interesting to see if the analogue of B d → η ′ K, namely B s → ηη ′ or B s → η ′ η ′ still has the largest branching ratio in two-body B s charmless decays. Another point of interest is concerned with the electroweak penguin corrections. It is naively believed that in charmless B decays, the contributions from the electroweak penguin diagrams are negligible compared to the QCD penguin corrections because of smallness of electroweak penguin Wilson coefficients. As pointed out in [2] , some B s decay modes receive contributions only from the tree and electroweak penguin diagrams and moreover they are dominated by the latter. Therefore, electroweak penguins do play a dominant role in some of B s decays. There also exist several penguin-dominated B s decay modes in which electroweak penguin corrections to the decay rate are comparable to that of QCD penguin contributions. In this paper, we will study this in details.
Experimentally, only upper limits on the branching ratios have been established for a few B s rare decay modes (see [3] or Table 7 of [1] ) and most of them are far beyond the theoretical expectations. Nevertheless, it is conceivable that many of the B s charmless decays can be seen at the future hadron colliders with large b production. Theoretically, early systematical studies can be found in [4, 5] . More recently, one of us (B.T.) [6] has analyzed the exclusive charmless B s decays involving the η or η ′ within the framework of generalized factorization. This paper is organized as follows. A calculational framework is set up in Sec. II in which we discuss the scale and scheme independent Wilson coefficient functions, parametrization of nonfactorizable effects, classification of factorizable amplitudes,..., etc. The numerical results and discussions are presented in Sec. III. Conclusions are summarized in Sec. IV. The factorizable amplitudes for all the charmless two-body B s decays are given in Appendices.
II. CALCULATIONAL FRAMEWORK A. Effective Hamiltonian
The relevant effective ∆B = 1 weak Hamiltonian for hadronic charmless B decays is 
2)
with O 3 -O 6 being the QCD penguin operators, O 7 -O 10 the electroweak penguin operators, and (q 1 q 2 ) V ±A ≡q 1 γ µ (1 ± γ 5 )q 2 . In order to ensure the renormalization-scale and -scheme independence for the physical amplitude, the matrix element of 4-quark operators has to be evaluated in the same renormalization scheme as that for Wilson coefficients c i (µ) and renormalized at the same scale µ. Generically, the hadronic matrix element is related to the tree level one via
with g(µ) being the perturbative corrections to the four-quark operators renormalized at the scale µ. We employ the relation (2.3) to write H eff = c eff O tree . Schematically, the effective Wilson coefficients are given by c eff = c(µ)g(µ). Formally, one can show that c eff i
are µ and renormalization scheme independent. It is at this stage that the factorization approximation is applied to the hadronic matrix elements of the operator O at the tree level.
The physical amplitude obtained in this manner is guaranteed to be renormalization scheme and scale independent. * Perturbative QCD and electroweak corrections to g(µ) from vertex diagrams and penguin diagrams have been calculated in [8] [9] [10] [11] . The penguin-type corrections depend on k 2 , the gluon's momentum squared, so are the effective Wilson coefficient functions. To the nextto-leading order, we obtain [12] [7] in which the µ dependence of the Wilson coefficients c i (µ) are assumed to be canceled out by that of the nonfactorization parameters ε 8 (µ) and ε 1 (µ) so that the effective parameters a eff i are µ independent.
Therefore, the decay rates of charmless B decay modes dominated by QCD penguin diagrams will be too small by a factor of ∼ (1.5) 2 = 2.3 if only leading-order penguin coefficients are employed for the calculation.
B. Parametrization of nonfactorizable effects
Because there is only one single form factor (or Lorentz scalar) involved in the class-I or class-II decay amplitude of B → P P, P V decays (see Sec. II.C for the classification of factorizable amplitudes), the effects of nonfactorization can be lumped into the effective parameters a 1 and a 2 [14] : 5) where χ i are nonfactorizable terms and receive main contributions from color-octet current operators. Since |c eff 1 /c eff 2 | ≫ 1, it is evident from Eq. (2.5) that even a small amount of nonfactorizable contributions will have a significant effect on the color-suppressed class-II amplitude. If χ 1,2 are universal (i.e. process independent) in charm or bottom decays, then we have a generalized factorization scheme in which the decay amplitude is expressed in terms of factorizable contributions multiplied by the universal effective parameters a eff 1,2 . For B → V V decays, this new factorization implies that nonfactorizable terms contribute in equal weight to all partial wave amplitudes so that a eff 1,2 can be defined. It should be stressed that, contrary to the naive one, the improved factorization does incorporate nonfactorizable effects in a process independent form. For example, χ 1 = χ 2 = − 1 3 in the large-N c approximation of factorization. Phenomenological analyses of the two-body decay data of D and B mesons indicate that while the generalized factorization hypothesis in general works reasonably well, the effective parameters a eff 1,2 do show some variation from channel to channel, especially for the weak decays of charmed mesons [14] [15] [16] . An eminent feature emerged from the data analysis is that a eff 2 is negative in charm decay, whereas it becomes positive in the two-body decays of the B meson [14, 17, 7] :
It should be stressed that the magnitude of a 1,2 depends on the model results for form factors. It follows that
The observation |χ 2 (B)| ≪ |χ 2 (D)| is consistent with the intuitive picture that soft gluon effects become stronger when the final-state particles move slower, allowing more time for significant final-state interactions after hadronization [14] . Phenomenologically, it is often to treat the number of colors N c as a free parameter to model the nonfactorizable contribution to hadronic matrix elements and its value can be extracted from the data of two-body nonleptonic decays. Theoretically, this amounts to defining an effective number of colors N eff c , called 1/ξ in [18] , by
The effective Wilson coefficients appear in the factorizable decay amplitudes in the combinations a 2i = c 
It is customary to assume in the literature that ( 10 so that the subscript i can be dropped; that is, the nonfactorizable term is usually assumed to behave in the same way in penguin and tree decay amplitudes. A closer investigation shows that this is not the case. We have argued in [12] that nonfactorizable effects in the matrix elements of (V − A)(V + A) operators are a priori different from that of (V − A)(V − A) operators. One reason is that the c is expected to be process insensitive as supported by data [7] .
The N eff c -dependence of the effective parameters a eff i 's are shown in Table I for several representative values of N eff c . From Table I we see that (i) the dominant coefficients are a 1 , a 2 for current-current amplitudes, a 4 and a 6 for QCD penguin-induced amplitudes, and a 9 for electroweak penguin-induced amplitudes, and (ii) a 1 , a 4 , a 6 and a 9 are N eff c -stable, while others depend strongly on N eff c . Therefore, for charmless B decays whose decay amplitudes depend dominantly on N eff c -stable coefficients, their decay rates can be reliably predicted within the factorization approach even in the absence of information on nonfactorizable effects.
The CLEO data of B ± → ωπ ± available last year clearly indicate that N eff c (LL) is favored to be small, N eff c (LL) < 2.9 [12] . If the value of N eff c (LL) is fixed to be 2, the branching ratio of B ± → ωπ ± for positive ρ (ρ being a Wolfenstein parameter; see Sec. II.D), which is preferred by the current analysis [19] , will be of order (0.9 − 1.0) × 10 −5 , which is very close to the central value of the measured one. Unfortunately, the significance of B ± → ωπ ± is reduced in the recent CLEO analysis and only an upper limit is quoted [20] . Nevertheless, the central value of B(B ± → π ± ω) remains about the same. Therefore, a measurement of its branching ratio is urgently needed. A very recent CLEO analysis of ± → φK ± and B → φK * are not consistent. Under the factorization hypothesis, the decays B → φK and B → φK * should have almost the same branching ratios, a prediction not borne out by current data. Therefore, it is crucial to measure the charged and neutral decay modes of B → φ(K, K * ) in order to see if the generalized factorization approach is applicable to B → φK * decay. Nevertheless, the analysis of B → η ′ K in [12] indicates that N Applying the effective Hamiltonian (2.1), the factorizable decay amplitudes of B s → P P, V P, V V obtained within the generalized factorization approach are summarized in the Appendices A,B,C, where, for simplicity, we have neglected W -annihilation, space-like penguins and final-state interactions. All the penguin contributions to the decay amplitudes can be derived from Table II by studying the underlying b quark weak transitions. To illustrate this, let X (BM 1 ,M 2 ) denote the factorizable amplitude with the meson M 2 being factored out:
(2.14) Table I . Numerical values for the effective coefficients a eff i at N eff c = 2, 3, 5, ∞ (in units of 10 −4 for a 3 , · · · , a 10 ). For simplicity we will drop the superscript "eff" henceforth. In general, when M 2 is a charged state, only a even penguin terms contribute. For example, from Table II we obtain 16) where the subscript u indicates the uū quark content of the neutral meson:
For example, the penguin amplitudes of B s → ηω and K 0 π 0 are given by
respectively. It is interesting to note that the decays B s → (η ( ′ ) , φ)(π 0 , ρ 0 ) do not receive any contributions from QCD penguin diagrams and they are dominated by electroweak penguins. We will come back to this interesting observation later. Table II . Penguin contributions to the factorizable B → P P, V P, V V decay amplitudes multiplied
The notation B → M 1 , M 2 means that the meson M 2 can be factored out under the factorizable approximation. In addition to the a even terms, the decay also receives contributions from a odd penguin effects when M 2 is a neutral meson with I 3 = 0. Except for η or η ′ production, the coefficients R and R ′ are given by
Just as the charm decays or B decays into the charmed meson, the tree-dominated amplitudes for hadronic charmless B decays are customarily classified into three classes [18] :
• Class-I for the decay modes dominated by the external W -emission characterized by the parameter a 1 . Examples are
• Class-II for the decay modes dominated by the color-suppressed internal W -emission characterized by the parameter a 2 . Examples are
• Class-III decays involving both external and internal W emissions. Hence the class-III amplitude is of the form a 1 + ra 2 . This class does not exist for the B s .
Likewise, penguin-dominated charmless B s decays can be classified into three categories: †
• Class-IV for those decays whose amplitudes are governed by the QCD penguin parameters a 4 and a 6 in the combination a 4 + Ra 6 , where the coefficient R arises from the (S − P )(S + P ) part of the operator O 6 . In general, R = 2m
for B → P a P b with the meson P b being factored out under the factorizable approximation, R = −2m
for B → V a P b , and R = 0 for † Our classification of factorizable penguin amplitudes is not the same as that in [22] ; we introduce three new classes in the same spirit as the classification of tree-dominated decays.
B → P a V b and B → V a V b . Note that a 4 is always accompanied by a 10 , and a 6 by a 8 . In short, class-IV modes are governed by a even penguin terms. Examples are
• Class-V modes for those decays whose amplitudes are governed by the effective coefficients a 3 , a 5 , a 7 and a 9 (i.e. a odd penguin terms) in the combinations a 3 ± a 5 and/or a 7 ± a 9 (see Table II ). Examples are B s → πη
• Class-VI involving the interference of class-IV and class-V decays, e.g.
Sometimes the tree and penguin contributions are comparable. In this case, the interference between penguin and spectator amplitudes is at work. There are three such decays:
, K * 0 ω; they involve class-II and -VI amplitudes (see Tables IV and V) .
D. Input parameters
In this subsection we specify the values for various parameters employed in the present paper. For current quark masses, we employ the running masses at the scale µ = m b :
As for the Wolfenstein parameters A, λ, ρ and η, which are utilized to parametrize the quark mixing matrix, we use A = 0.804, λ = 0.22, ρ = 0.16 and η = 0.34. The values for ρ and η follow from a recent analysis of all available experimental constraints imposed on the Wolfenstein parameters [19] :
). For the values of decay constants, we use f π = 132 MeV, f K = 160 MeV, f ρ = 210 MeV, f K * = 221 MeV, f ω = 195 MeV and f φ = 237 MeV.
To determine the decay constant f [24, 25] that the decay constants do not simply follow the η − η ′ state mixing given by
Introduce the decay constants f 8 and f 0 by
Because of SU(3) breaking, the matrix elements 0|A
0(8)
µ |η 8(0) do not vanish in general and they will induce a two-angle mixing among the decay constants, that is, f 
Based on the ansatz that the decay constants in the quark flavor basis follow the pattern of particle state mixing, relations between θ 8 , θ 0 and θ are derived in [25] , where θ is the η − η ′ mixing angle introduced in (2.21). It is found in [25] that phenomenologically 25) and
The decay constant f c η ′ , defined by 0|cγ µ γ 5 c|η
η ′ q µ , has been determined from theoretical calculations [27] [28] [29] and from the phenomenological analysis of the data of J/ψ → η c γ, J/ψ → η ′ γ and of the ηγ and η ′ γ transition form factors [11, 25, [30] [31] [32] ; it lies in the range -2.3 MeV ≤ f ; they are calculated in a relativistic quark model by putting the ss constitutent quark mass only. To compute the physical form factors, one has to take into account the wave function normalizations of the η and η ′ :
It is clear that the form factors have opposite signs. ‡ The form factors adopted in [6] are calculated using the light-front quark model and in general they are larger than the BSW model's results.
For 30) where m * is the pole mass given in [18] . A direct calculation of B → P and B → V form factors at time-like momentum transfers is available in the relativistic light-front quark model [33] with the results that the q 2 dependence of the form factors A 0 , A 2 , V, F 1 is a dipole behavior (i.e. n = 2), while F 0 , A 1 exhibit a monopole dependence (n = 1).
Recently, the B s → K * and B s → φ form factors have also been calculated in the light-cone sum rule approach [34] with the parametrization It is obvious that the q 2 dependence for the form factors A 0 , A 2 and V is dominated by the dipole terms, while A 1 by the monopole term in the region where q 2 is not too large. In Tables IV and V we will present results using these two different parametrizations for B s → V form factors.
We will encounter matrix elements of pseudoscalar densities when evaluating the penguin amplitudes. Care must be taken to consider the pseudoscalar matrix element for η ( ′ ) → vacuum transition: The anomaly effects must be included in order to ensure a correct chiral behavior for the pseudoscalar matrix element [12] . The results are [35, 11] 
with [12] r η ′ = 2f
III. NUMERICAL RESULTS AND DISCUSSIONS
With the factorizable decay amplitudes summarized in Appendices and the input parameters shown in Sec. II, we are ready to compute the branching ratios for the two-body charmless nonleptonic decays of the B s meson. The decay rates for B s → P P, V P are given by
The decay B s → V V is more complicated as its amplitude involves three form factors. In general, the factorizable amplitude of B s → V 1 V 2 is of the form:
where use of Eq. (C1) has been made. Then
where From Tables III-V we see that the branching ratios for class-I and -IV modes are stable against the variation of N eff c as they depend on the coefficients a 1 , a 4 and a 6 which are N eff cstable. Class-V channels in general depend on the coefficients a 3 + a 5 and a 7 + a 9 . However, the decays
do not receive any QCD penguin contributions [2] . Therefore, these six decay modes are predominantly governed by the electroweak penguin coefficient a 9 , which is N eff c -insensitive. A measurement of them can be utilized to fix the parameter a 9 . Note that their branching ratios are in general small, ranging from 4 × 10 −8 to 0.4 × 10 −6 , but they could be accessible at the future hadron colliders with large b production.
In order to see the relative importance of electroweak penguin effects in penguindominated B s decays, we follow [22] to compute the ratio
Obviously, if the tree, QCD penguin and electroweak penguin amplitudes are of the same sign, then (1 − R W ) measures the fraction of non-electroweak penguin contributions to B(B s → h 1 h 2 ). It is evident from Table VI that 
Since a 2 and (a 3 +a 5 ) are minimum at N eff c ∼ 3 (see Table I ), the decay is obviously dominated by the electroweak penguin transition when N It is clear that although R W = 0.79 for N eff c = 3, the decays B s → ωη ′ and B s → ωφ are actually dominated by the electroweak penguin.
The branching ratios for the class-V and -VI modes shown in (3.9) depend strongly on the value of N eff c . As pointed out in Sec. II, the preferred values for the effective number of colors are N eff c (LL) ≈ 2 and N eff c (LR) ∼ 5. We believe that the former will be confirmed soon by the forthcoming measurements of B → ππ, πρ, · · ·. However, the branching ratios for some of the decay modes, e.g. B s → ωη, ωη ′ , φη, become very small at the values of N eff c given by Eq. (2.13). As suggested in [22] , these decays involve large cancellation among competing amplitudes and they may receive significant contributions from annihilation and/or finalstate interactions.
As noted in passing, class-IV modes involve the QCD penguin parameters a 4 and a 6 in the combination a 4 + Ra 6 , where R > 0 for B s → P a P b , R = 0 for P a V b and V a V b final states, and R < 0 for B s → V a P b , where P b or V b is factorizable under the factorization assumption. Therefore, the decay rates of class-IV decays are expected to follow the pattern:
as a consequence of various possibilities of interference between the penguin terms characterized by the effective coefficients a 4 and a 6 . From Tables III-V, we see that
, which is often seen in tree-dominated decays, for example Γ(
, occurs because of the larger spin phase space available to the former due to the existence of three different polarization states for the vector meson. On the contrary, the hierarchy (3.13) implies that the spin phase-space suppression of the penguin-dominated decay B s → P a P b over B s → P a V b or B s → V a P b is overcome by the constructive interference between penguin amplitudes in the former. Recall that the coefficient R is obtained by applying equations of motion to the hadronic matrix elements of pseudoscalar densities induced by penguin operators. Hence, a test of the hierarchy shown in (3.13) is important for understanding the calculation of the penguin matrix element. § Among the 39 charmless two-body decay modes of the B s meson, we find that only seven of them have branching ratios at the level of 10 −5 :
It is interesting to note that among the two-body rare decays of B − and B d , the class-VI decays B − → η ′ K − and B d → η ′ K 0 have the largest branching ratios [36] : § For a direct estimate of R using the perturbative QCD method rather than the equation of motion, see [23] .
The decay rate of
0 is large because they receive two different sets of penguin contributions proportional to a 4 + Ra 6 with R > 0. By contrast, V P, V V modes in charm decays or bottom decays involving charmed mesons usually have larger branching ratios than the P P mode. Because of the strange quark content of the B s , one will expect that the decay B s → ηη
, is the dominant two-body B s decay. Our calculation indicates that while the branching ratio of B s → ηη ′ is large, 16) it is only slightly larger than that of other decay modes listed in (3.14), see Tables III-V. What is the role played by the intrinsic charm content of the η ′ to the hadronic charmless B s decay ? Just as the case of B → η ′ K, B s → η ( ′ ) η ′ receives an internal W -emission contribution coming from the Cabibbo-allowed process b → ccs followed by a conversion of the cc pair into the η ′ via gluon exchanges. Although the charm content of the η ′ is a priori expected to be small, its contribution is potentially important because the CKM mixing angle V cb V * cs is of the same order of magnitude as that of the penguin amplitude [cf. Eqs. (A10,A11)] and yet its effective coefficient a 2 is larger than the penguin coefficients by an order of magnitude. Since a 2 depends strongly on N eff c (LL) (see Table I ), the contribution of cc → η ′ is sensitive to the variation of N ′ K using a data sample 80% larger than in previous studies yields the preliminary results [38] : 17) suggesting that the original measurements (3.15) were not an upward statistical fluctuation. This result certainly favors a slightly larger f c η ( ′ ) in magnitude than that used in (2.27). In fact, a more sophisticated theoretical calculation gives f 18) to be compared with 19) in the absence of the intrinsic charm content of the η ′ . Finally, we should point out the uncertainties associated with our predictions. Thus far, we have neglected W -annihilation, space-like penguin diagrams, and final-state interactions; all of them are difficult to estimate. It is argued in [22] that these effects may play an essential role for our class-V and -VI decay modes. Other major sources of uncertainties come from the form factors and their q 2 dependence, the running quark masses at the scale m b , the virtual gluon's momentum in the penguin diagram, and the values for the Wolfenstein parameters ρ and η.
IV. CONCLUSIONS
Using the next-to-leading oder QCD-corrected effective Hamiltonian, we have systematically studied hadronic charmless two-body decays of B s mesons within the framework of generalized factorization. Nonfactorizable effects are parametrized in terms of N 4. Because of various possibilities of interference between the penguin amplitudes governed by the QCD penguin parameters a 4 and a 6 , the decay rates of class-IV decays follow the pattern: 
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APPENDIX
A. The B s → P P decay amplitudes For B s → P P decays, we use X (BsP 1 ,P 2 ) to denote the factorizable amplitude with the meson P 2 being factored out. Explicitly,
For a neutral P 1 with the quark content N(qq + · · ·), where N is a normalization constant,
As an example, the factorizable amplitudes
For simplicity, W -annihilation, space-like penguins and final-state interactions are not included in the decay amplitudes given below.
b → d processes:
2. b → s processes:
where
B. The B s → V P decay amplitudes
The factorizable amplitudes of B s → V P decays have the form:
For example, the factorizable terms
The factorizable amplitude of B s → V V decays has the form:
3. pure penguin processes: 
